Unification of electromagnetic, weak, and strong coupling constants is studied in the extension of standard model with additional fermions and scalars. It is remarkable that this unification in the supersymmetric extension of standard model yields a value of Weinberg angle which agrees very well with experiments. We discuss the other possibilities which can also give same result.
Model and the experimental search for the supersymmetry will be one of the main focus in the next round of new accelerators.
In this paper we will explore the general possibilities of getting coupling constants unification by adding extra particles to the Standard Model [2] to see how unique is the Supersymmetric Standard Model in this respect [?] . We will compute the contribution of various types of new particles to the evolution of the coupling constants and study their effects on the unification. These results will also be useful for checking models with extra particles to see whether they have a satisfactory unification of coupling constants.
Evolution of Coupling Constants
In this section we will set up the framework to discuss the unification in the SU (5) type of model. Recall that the evolution of the coupling constants 
where b i are the coefficients in β−function of the renomalization group equations [6] ,
Note that the coupling constants g 2 , g 1 are related to the usual coupling constants, g, g
and Weinberg angle is given by
At the unification scale M X , we have
where g 5 is the gauge coupling of the SU (5) group. Using the relation, e = g sin θ W , we can write
3 5
. Eliminating the unification scale M X from Eqs(6,8) we get
where
and all coupling constants α i are evaluated at µ = M Z . For convenience, we can solve b in terms of sin
Using the experimental values, α α 3 = .0674 and sin 2 θ W = 0.231, [7] we get
which is value needed in the unification to get the right value for sin 2 θ W . Recall that various contributions to the β−function for the gauge coupling constants are of the form,
Here t
2 (S) are the contributions to β i from gauge bosons, Weyl fermions, and complex scalars respectively. For fermions in the representation with representation matrices T a , they are given by
where the trace means summing over all members of the multiplets. Similarly, for the gauge bosons and scalar contributions, t 2 (V ) and t 2 (S) . For example, for the gauge bosons, T a′ s are the matrices for the adjoint representations and for the gauge group SU (n) , t
2 (R) , R = V, S, F are pure group theory factors and are independent of the spin of the particles. For the low rank representations in the SU (n) group they are given by,
2nd rank antisymmetric tensor n − 2 2 2nd rank antisymmetric tensor n + 2 2 Since 1 16π 2 is common to all β−functions and will be cancelled out in the ratio in b in Eq (10) we will neglect it in writing out the coefficient b n ,
For convenience, we can use the parameter b given in Eq (12) to discuss the contribution to the Weinberg angle θ W from models with new particles.
We will separate the contributions into gauge bosons, fermions, and scalars,
Note that for a complete multiplet of SU (5) , their contributions to b 32 and b 21 cancel out in the combination in Eq (16). This can be seen as follows. Let T (a) (R) be the matrices for some representation R of SU (5) group. Then the coefficient t 2 (R) of the second Casmir operator given by
will be the same when we take
Thus their contributions will cancel out in the combination b 3 −b 2 or b 2 −b 1 . In other words, a complete multiplet of SU (5) , e.g. 5 or 10, will not effect the prediction of the Weinberg angle, even though they will effect the evolution of each individual coupling constant. Here we assume that all members of the SU (5) multiplets survive to low energies. This is the case for the fermion contributions in the Standard Model. Thus for the studies of the Weinberg angle, we need to consider only the incomplete SU (5) multiplets, i.e. those SU (3) × SU (2) × U (1) multiplets which do not combine into a complete SU (5) multiplets. The reason that we can have the incomplete multiplets in the unification theory has to do with the decoupling of superheavy particles. For example, in the standard SU (5) unification, only gauge bosons in subgroups SU (3) × SU (2) × U (1) survive to low energies, while the other gauge bosons, e.g. leptoquarks, are superheavy and decouple. Similarly, only Higgs bosons in SU (2) doublet will contribute to the β−function.
Contribution to θ W from Various Multiplets
The contributions of SU (3)×SU (2)×U (1) gauge bosons are given by, using Eq (15)
and they give
The contribution from the Higgs scalars are
Since these contributions are very small, they are not included in the usual analysis.
We now consider the effects of various low rank multiplets to the Weinberg angle, or the parameter b in Eq (16). The results for the scalars and fermions are listed separately in the following tables:
(a) Scalars:
(b) Fermions:
Remarks :As it is evident in Eq (13) with same SU (3) × SU (2) × U (1) quantum numbers the contribution from the scalars are 1 2 of the fermions contributions.
3 Supersymmetric extension of standard model and generalization
As we have discussed before, we need to consider only the incomplete multiplets. The particles needed to be included are given below, 1. Scalars: Clearly, if take one set of multiplet from each group, the total contribution will give the same Weinberg angle as the supersymmetry Standard Model.
The list given above is constructed by mimicking those multiplets of the supersymmetry Standard Model and are by no means the only possibilities.
We just want to demonstrate the existence of other examples. None of these possibilities, except for the supersymmetric one, are realized in any realist phenomenological model. For the case of new fermions multiplets, one might worry about the anomaly cancellation. However, as we have discussed before, only the incomplete multiplets are relevant for the Weinberg angle and it is possible to cancel the anomalies by fermion multiplets which decouple at very high energies.
